and fabrication of uniform layer-by-layer assemblies using non-covalent interaction between surface displayed hexahisitidine and Ni-NTA of the AaLS [11] .
Dendritic cells (DCs) are the most potent professional antigen-presenting cells and key regulator of antigen-specific immune responses [12] . Immature DCs continously uptake and process antigens. Upon danger signal, the antigen-loaded DCs migrate into draining lymph nodes where DCs present antigens to naïve T cells leading to their proliferation and differentiation into effector cells; CD8 + cytotoxic T cells to kill infected target cells or CD4 + helper T cells to secrete cytokines and facilitate diverse forms of cellular and humoral immunity. Therefore, based on such seminal roles of DCs in the immune system, DC-based vaccine development has been a promising approach to direct antigen-specific adaptive immunity [13] . Efficient antigen delivery to DCs is the first step for DC-based vaccine development and simple and controllable antigen delivery system is required. Up to date, nano-sized materials, including polymers, inorganic nanoparticles, liposomes, and/ or virus-like particle (VLP), have been extensively used as antigen delivery nanoplatforms for studying antigen-specific immune responses and further applied them to follow-up vaccine development. However, there is a limited amount of study utilizing protein cage nanoparticles to deliver antigens to DCs for immunization and vaccination. In our previous study, we utilized ferritin protein cage nanoparticles as versatile antigen delivery nanoplatforms for DC-based vaccine development and demonstrated DC-mediated antigen specific CD4 + and CD8 + T cell immune responses [14] . In the current study, we introduce lumazine synthase protein cage nanoparticles (AaLS) for carrying antigenic peptides to DCs and investigate DC-mediated antigen-specific T cell proliferation. Our data demonstrate the potential of AaLS as a novel antigen delivery system for DC-based vaccine development in future clinical applications.
Materials and Methods

Antigenic peptide addition and protein cage purification
The OT-1 (SIINFEKL) and OT-2 (ISQAVHAAHAEINEAGR) peptides were added at the N-terminal and the C-terminal ends of AaLS subunit, respectively, by an established polymerase chain reaction protocol using primers containing specific enzyme restriction sites and pETDuet based plasmids containing genes encoding AaLS protein as a template. The amplified DNAs were used to transform the competent Escherichia coli strain BL21 (DE), resulting in the over-expression in E. coli of the AaLS protein cages containing added antigenic peptides. The resultant protein was purified as describ ed previously [11] .
Mass spectrometry
The subunit masses of AaLS-OT-2, AaLS-OT-1, and wt AaLS protein cages were analyzed using an electrospray ionization time-of-flight mass (ESI-TOF) mass spectrometer (Xevo G2 TOF, Waters, Milford, MA, USA) interfaced to a Waters UPLC and an autosampler. Samples were loaded onto the MassPREP Micro desalting column (Waters) and eluted with a gradient of 5-95% (v/v) acetonitrile containing 0.1% formic acid with a flow rate of 300 µL/min [11] . Mass spectra were acquired in the range of m/z 500-3,000 and processed using MaxEnt 1 and MaxEnt 3 from MassLynx version 4.1 to obtain the average mass from multiple charge state distributions. 
Mice
Carboxyfluorescein succinimidyl ester-dilution assay to detect antigen-specific T cell proliferation in vitro and in vivo
For in vitro OVA-specific T cell proliferation assay, OT-1 or OT-2 T cells were stained with 0.5 μM of carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA, USA) at 
Results
Surface and ribbon diagram representations of lumazine synthase (AaLS) were depicted ( Fig. 1 ) and a schematic diagram showing DC-mediated antigen-specific T cell proliferation induced by AaLS carrying OT peptides was shown in Fig. 2 .
To adapt AaLS protein cage as antigen delivery nanoplatforms, we genetically introduced OT-1 (SIINFEKL) and OT-2 (ISQAVHAAHAEINEAGR) peptides to the N-terminal and the C-terminal ends of AaLS subunit, respectively. Antigenic peptide insertions were confirmed by DNA sequencing and molecular mass measurement of subunits of OT-1 or OT-2 peptide added AaLS protein cages (AaLS-OT-1 or AaLS-OT-2). AaLS-OT-1 and AaLS-OT-2 were individually over-expressed in E. coli as a soluble protein without noticeable amounts of precipitation. OT-peptide inserted AaLS protein cages were purified by the same method used to purify wild-type AaLS (wt AaLS), which do not have any OT peptide insertions. ESI-TOF mass spectrometry analysis indicated that the subunit masses of AaLS-OT-2, AaLS-OT-1, and wt AaLS protein cages were 18,458.0 Da, 17,576. (Fig. 3A) . Transmission electron microscopic images of stained AaLS-OT-2, AaLS-OT-1, and wt AaLS protein cages confirmed an intact cage architecture with a uniform size distribution (~16 nm) (Fig. 3B) (Fig. 4A) . Antigen-specific T cell proliferation induced by AaLS antigen delivery was also confirmed in vivo. Naïve mice were adoptively transferred intravenously with CFSE-labeled OT-1 T cells and were immunized with AaLS-OT-1, or with wt AaLS in the presence of poly (I:C) as an adjuvant. Soluble OVA protein (100 μg per mouse) was also used as a positive control in parallel. Similar to OT-1 peptide specific T cell proliferation data in vitro, CFSE signals of OT-1 T cells from mice immunized either with soluble OVA protein (a positive control) or AaLS-OT-1 showed serially diluted peaks with decreasing CFSE fluorescence intensity, sug gesting that OT-1 antigenic peptides delivered to DCs by AaLS effectively induced antigen-specific CD8 + T cell proliferations in vivo as well (Fig. 4B) . Similar approaches were applied to examine antigen-specific CD4 + T cell proliferation following antigen delivery via AaLS-OT-2 in vitro and in vivo. The data showed that only those of T cells co-cultured with DCs pulsed with soluble OVA protein (a positive control) or AaLS-OT-2 proliferated, showing that OT-2 antigenic peptides delivered to DCs by AaLS effectively induce antigen-specific CD4 + T cell proliferation in vitro (Fig. 5A) . CFSE-labeled OT-2 T cells were adoptively transferred and proliferated when immunized either with soluble OVA protein or AaLS-OT-2, demonstrating that AaLS deliver OT-2 antigenic peptides to DCs efficiently in vivo as well (Fig. 5B) . Taken together, these data demonstrate that antigenic peptides carried by AaLSs are successfully delivered, processed, and presented by DCs leading to antigenspecific T cell proliferation, which demonstrated the value of AaLS as a novel antigen delivery system.
Discussion
In this study, we propose a lumazine synthase protein cage as an efficient antigen delivery system to DCs and a potential candidate for a new DC-based vaccine carrier in the future. In comparison to other nano-sized materials such as polymers, inorganic nanoparticles, liposomes, and/or VLP, protein cage nanoparticles have the virtue of simplicity and reproducibility; protein cages are modified and produced by genetic engineering and thus, not only the ratios of antigen to carrier can be controlled consistently but also the original structure and functions of inserted antigens, which are mainly proteins, can be maintained intact. Besides, protein cages are biocompatible and degrade safely demonstrating high practical feature in future various clinical applications. Antigenic peptide insertion did not cause any significant conformational changes in AaLS. Moreover, such inserted antigenic peptides into AaLS were functional so that DCs could process and present them leading to the induction of antigenspecific T cell proliferation. The efficacy of antigen delivery to DCs via AaLSs was comparable to a conventional way of pulsing with soluble proteins to DCs, based on our data showing similar level of T cell proliferative responses between 100 μg of soluble OVA protein and 50 μg of AaLS-OTs per mouse (AaLS-OT-1 or AaLS-OT-2) where the contained amounts of OT-peptide epitopes were similar to each other. Further dosage experiments are necessary to examine the efficacy of antigen delivery via AaLSs.
To improve the efficacy as well as the specificity of antigendelivery to DCs has been one of the main subjects for optimal DC-based vaccine development. Among various approaches, DC-targeting strategy might be the latest technology, which is composed of a fusion antibody against DC-specific antigen uptake receptors of which heavy chains are conjugated with an antigen of interest and a systemic administration of adjuvants for proper DC maturation [15] . To date, the concept of DC-targeting strategy and efficacy as a DC-based vaccine has been validated in various disease models [16] [17] [18] . Nonetheless, still following aspects of the DC-targeting strategy are needed to be considered for improved future clinical applications; limitations of size and solubility of the conjugated antigens to the DC-targeting antibodies [19] , low cost effective strategy due to the requirement of mammalian cell transfection for functional antibody production [20] , and any adverse hyperactivations caused by a systemic administration of adjuvants [21, 22] . Exploring nanotechnology of protein cage might provide useful solutions for these challenges and could advance the DC-based vaccine development since protein cage nanoplatforms feature with broader choices of size and solubility of antigens, more cost effective due to production http://www.ecevr.org/ In conclusion, this study sets the stage for the analysis of functional roles of lumazine synthase protein cages as efficient DC-based vaccine carrier in various disease models.
